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We report on ferromagnetic resonant mode hybridization in re-entrant cavities made with a commercial three-dimensional (3D)
printer, followed by conventional 3D metalization with copper and tin. The cavity volume was only 7% that of a standard cavity
resonating at the same frequency, while maintaining a high quality factor. Simulations were in very good agreement. We obtained
an effective coupling of about 40 MHz in two cavities at room temperature. These experimental results demonstrate the utility of
tunable filters based on complex 3D printed cavities.
Index Terms—3D Cavity spintronic, 3D printing, Yttrium Iron Garnet, magnon photon polariton, tunable filter
I. INTRODUCTION
In recent years, a new light-matter interaction platform hasbeen developed [1]–[5] by combining microwave photons
residing in a resonant cavity with magnons (viewed as a
quantized spin wave) in magnetic materials with a high spin
density like Yttrium Iron Garnet (YIG). Here, the strong
coupling (even ultrastrong [6], [7]) between magnons with
photons results in a hybrid light-matter quasiparticle: magnon-
polariton. The use of a standard 3D cavity (developed in
this platform) for microwave applications seems difficult to
combine with concepts of integration, compactness, cost and
miniaturization. Here, we propose to take advantage of the
geometric configuration of re-entrant microwave cavity to
counterbalance this problem, which is becoming more and
more critical by reducing the working frequency. Microwave
re-entrant cavities offer many advantages in terms of fre-
quency tunability, volume reduction, control of the microwave
magnetic field distribution, while keeping a high Q factor.
Such cavities have been used for decades for a variety of
applications like high Q resonator or sensors, and in different
research area from the observation of spin wave propagation
[8] to studies of cavity magnon-polaritons [9]–[11].
The main purpose of this work is to demonstrate the strong
coupling signature between a YIG thin film resonator and
photons generated by a 3D re-entrant cavity elaborated by
additive manufacturing.
II. 3D PRINTED MICROWAVE RE-ENTRANT CAVITY
The use of posts inside a 3D cavity permits to reduce its
final volume and to offer the possibility to control precisely
the working frequency by keeping a high Q factor. In such
configuration, most of the microwave (MW) electric field is
concentrated in the gap (creates between the lid and the top of
inner posts), while all of the MW magnetic field is distributed
around the post, with a rapid decrease in amplitude, as shown
in Fig.1 (a). The height of our first 3D printed cavity prototype
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is based on standard commercial radio-frequency (RF) connec-
tor dimension features in order to avoid complications in the
microwave excitation and to ensure a very good reproducibility
of S parameter measurements. In other words, the present
cavity is not the minimal volume that we could achieve by
using 2 inner posts but it offers already a volume reduction by
one order from 2.29 10−4 m3 (without posts) to 1.018 10−5 m3
(with 2 posts), working at the same frequency. The radius of
the cavities (Rcavity) and the posts (Rpost) are 18 and 6 mm,
respectively. The inner height for both cavities is h=10 mm and
posts positions are identical. The difference between cavities
(refereed as cavity 01 and 02) is only associated to the gap
width d between the lid and posts which directly impacts the
working frequency (d is equal to 5.0 and 2.07 mm for cavity
01 and 02, respectively). A commercial solver of Maxwell’s
equations (CST microwave studio) has been used to design
cavities and we estimate that the resonant frequency of the
first mode could be tune from 2 to 5.5 GHz by changing
d from 0.5 to 6 mm. The large frequency tuning capability
(which could be optimized) makes this 3D printed cavity very
attractive for telecommunication systems and competitive in
comparison with standard reconfigurable solution such as lump
tuning [12], [13] components or piezoelectric transducers [14].
The 3D printed cavities used in this work must be modified
to develop a reconfigurable function. This functionality can be
achieved by integrating microwave tuning elements that will
serve as adjustable inner posts.
Our 3D cavities have been elaborated by a standard stere-
olithography 3D printer (Formlabs Form 2). Each of them
received two final steps which consist to clean residual resin
in a IPA alcohol bath and to treat them in a UV chamber
including a heat treatment. Conventional 3D metallization
procedure of plastic elements has been adapted to our goal
in order to produce a full metallization of plastic re-entrant
cavities described as follows: (i) Dry etching by sandblasting
(enhancement of the roughness), (ii) Surface activation with
Pd2+ solution, (iii) Autocatalytic bath of copper: Pd particles
act as catalyst sites and permit the growth of an homogeneous
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Fig. 1. (a) Simulated microwave (MW) magnetic field distribution (X
component) of the dark mode at the resonant frequency of cavity 01. (b)
Photograph of the 3D printed cavity (without lid) including straight radio-
frequency (RF) connector. (c) Frequency dependence of the S21 of cavity
01 (blue) and 02 (red). Solid and dash lines correspond respectively to the
measurement at room temperature and CST simulation.
layer of Cu which spontaneously end up when reaching a 3
µm thickness, (iv) Standard electrodeposition process of Cu
(5-10 µm) including a Tin finish of 8 µm to ensure a high
electrical conductivity. The final metallic layer deposit on each
cavity consists of a thickness of 16 to 21 µm which correspond
to at least seven skin-depths at 1 GHz [15]. Fig.1 (b) shows
a picture of cavity 02 without the lid on top. Note that for
more complex 3D geometries, dry etching by sandblasting (i)
is replaced by a chemical bath of Chromium. The pin length
of the RF connector is based on a compromise between Q
factor, homogeneity of the MW magnetic field distribution
at the resonant condition, and the strength of the transmitted
signal. Such a cavity is characterized by the spatial separation
of the MW electric and magnetic field distribution. The inner
post acts as an individual microwave resonator with its own
characteristics (inductance and capacitance). Therefore, the
entire system has two modes: a dark mode and a bright mode.
In the bright mode, the MW magnetic field generated by both
posts constructively interferes and enhances the total magnetic
field between the posts. The RF excitation configuration that
we have used in the present work (straight connectors) allows
us to observe only the dark mode of the cavity which is based
on the destructive interference of MW magnetic fields. The
lack of a MW magnetic field in the center of the cavity is well
represented by Fig.1 (a) showing the simulated distribution of
this field at the resonant frequency. Note that the bright mode
of our cavities can only be detected by changing at least one
connector to a loop probe.
The measurement at room temperature of the frequency
dependence of the S21 of cavity 01 (blue) and 02 (red) is
represented in Fig.1 (c). A good agreement is found with
simulations (dashed lines) for which we approximated the
cavity material as a bulk Tin object. The mismatch in terms
of resonant frequency between measurement and simulation
observed in Fig.1 (c) and highlighted in Table I is due to the
deviation of the dimension of the 3D printed cavities from
the simulation model (used for the printer). A perfect match
can be found (not shown) by taking into account an overall
enhancement in the structure of 140 µm, which corresponds
to the size of the 3D printer’s laser spot. The reduction of the
Q factor is mainly due to high roughness of the coating metal
(about 12.5 µm) which presents an electrical conductivity
of 7.88 106 S/m. In order to adjust the conductor loss, we
estimated a correction factor Cs [16] which takes into account
the surface roughness and the skin depth. CST simulation has
been performed by adjusting the electrical conductivity at 4
106 S/m (measured value divided by Cs=1.97) and permit to
reproduce the observed Q factor.
TABLE I
3D PRINTED CAVITIES SPECIFICATIONS
Cavity 01 Cavity 02
Meas. CST Meas. CST
Bright mode F0 [GHz] - 6.642 - 4.867
Dark mode F0 [GHz] 5.133 5.090 3.677 3.628
S21 @ F0 [dB] -17.92 -15.64 -26.17 -23.65
∆F−3dB [dB] 4.56 3.30 4.43 2.90
Q 1125.6 1542 830 1251
β [10−4] 4.442 3.242 6.024 3.997
III. EXPERIMENTAL DETAILS
The use of ferrimagnetic insulating material consists of a
single-crystal (111) Y3Fe5O12 (YIG) film of 9 µm grown on
a (111) Gd3Ga5O12 (GGG) substrate by liquid phase epitaxy
(LPE). The sample has been cut into a rectangular shape (4
mm×6 mm) by using a Nd-YAG laser working at 8 W. YIG
exhibits spin waves with the highest quality factors among
all magnetic materials. It is also free from dissipation due
to conduction electrons, resulting in a narrow linewidth. The
long lifetime of collective spin excitation in YIG has attracted
a lot of interest not only for the field of spintronics but
also for magnon engineering in the quantum regime. The
plane of the YIG film is placed between the cavity wall and
the post, as shown in Fig.2 (a), where a maximum of MW
magnetic field is generated (Fig.1 (a)). The crystallographic
axis [1,1,2¯] is parallel to the X axis and the static magnetic
field, Hdc, is applied along Z, the normal of the cavity.
By using this configuration, we satisfy the FMR condition
which is described by the precession frequency of the uniform
mode in an in-plane magnetized ferromagnetic film defines
as Fr = (γ/2pi)
√
H(H + 4piMs), where 4piMs and γ are
respectively the saturation magnetization and the gyromagnetic
ratio. In Fig.2 (a), PORT 1 and PORT 2 illustrate the two ports
of the vector network analyzer (VNA) that were calibrated,
including the two cables. The frequency range is set from 3 to
6 GHz at a microwave power of P = −10 dBm and P = −5.5
dBm for cavity 01 and 02, respectively. The input power was
enhanced from cavity 01 to 02 in order to excite the FMR
condition with a similar MW magnetic field magnitude. The
appropriate input power was determined via CST simulation.
Fig.2 (b) represents the profile section of the MW hX (at the
selected input power) along X axis seen by the YIG film and
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Fig. 2. (a) Measurement schematic. The YIG sample is placed at the bottom
of the cavity. Its surface is parallel to the plan (X,Z) and on top of the upper
post. This position permits to keep a static magnetic field (Hdc) perpendicular
to the MW magnetic field. A calibrated VNA permit to extract S parameters.
(b) Microwave magnetic field profile on X axis taking from simulation shown
in Fig.1 (a). The profile section corresponds to the value of the field taken at
a height of 2 mm (middle of the sample) from the bottom of both cavities
and parallel to the X axis. The profile section is indicated by the dashed line.
(c) Measurement at room temperature of the frequency dependence of S21 of
both cavities, with and without YIG sample in it.
taken at a height of 2 mm from the bottom of both cavities.
It is clear that the MW magnetic field distribution of the dark
mode is less homogeneous than the bright mode (observed in
the middle of the cavity) with an evolution of MW hX about
10 µOe (13 %) from the middle to the edge of the YIG sample.
Note that the distribution of this component along the Z axis
(along the YIG height) does not present a similar behavior
as function of the post height. From the top to the bottom
of the YIG sample, the MW magnetic field is affected by a
reduction of 17 % for cavity 01 whereas for cavity 02 (gap d
of 2.07 mm) the reduction is only of 5 %. Nevertheless, the
reproducibility, the mode excitation features, and the use of RF
standard connector facilitate development of RF applications.
The bright mode is very attractive but the loop probe must be
well designed in order to be able to detect this mode without
affecting the frequency response with an additional resonance
associated with the length of the loop.
Before studying the coupling strength between magnons
and photons, we characterized the updated features of the
two spin waves/cavities systems in the absence of a static
magnetic field. Fig.2 (c) represents the measurement at room
temperature of the frequency dependence of S21 for both
cavities, with (loaded) and without (empty) YIG sample in it.
A minor impact in the frequency response was observed for
the cavity 01, which is not the case for cavity 02 (resonating at
lower frequency). The frequency behaviour of cavity 02 loaded
with the YIG film (exactly the same sample used in cavity 01)
is not clearly explained. Further simulations have been done
by including a YIG film (with the GGG substrate as well).
The position of the sample defines by the height respect to
the cavity bottom and the angle arbitrarily created with X axis
induces a variation of cavities features. Nevertheless, simulated
variations respect to the initial position of the sample are very
small compared to the experimental findings summarized in
Table II. The assumptions used to create the 3D model of the
cavity for the simulations appear to be correct with respect
to the results obtained for cavity 01 which resonates at high
frequency. In order to understand the deviation observed in
cavity 02, feather investigations are required to determine the
frequency dependence of the microwave response with and
without YIG by using a unique cavity. The flexibility offered
by 3D printing will allow us to develop a cavity that will
include tunable post height elements.
TABLE II
STRONG COUPLING FEATURES
Cavity 01 Cavity 02
Empty Loaded Empty Loaded
F0 [GHz] 5.133 5.130 3.677 3.672
S21 @ F0 [dB] -17.92 -18.32 -26.17 -28.67
∆F−3dB [dB] 4.56 5.00 4.43 6.00
Q 1125.6 1026 830 612
β [10−4] 4.442 4.873 6.024 8.17
k - 0.125 - 0.156
geff
2pi
[MHz] - 40.10 - 44.75
IV. STRONG COUPLING REGIME
In order to evaluate the coupling strength between magnons
and photons generated by 3D printed cavities, we investi-
gated the frequency response of the system as a function
of the applied magnetic field. Figure 3 (a) to (e) show
measurements of the frequency dependence of the |S21| of
the YIG/Cavity 01 system for different values of the static
magnetic field applied along the posts, above and below the
resonant magnetic field. The interaction between magnons
and photons led to the following features: (i) hybridization
of resonances, (ii) annihilation of the resonance at F0, and
(iii) generation of two resonances at F1 and F2. At the
resonant condition, the frequency gap, Fgap, between F1 and
F2 is directly linked to the coupling strength of the system
(Fgap =
geff
pi
). Based on the harmonic coupling model [17],
we can define the upper (F1) and lower (F2) branches by
F1,2 =
1
2
[
(F0 + Fr)±
√
(F0 − Fr)2 + k4F 20
]
. Hybridiza-
tion resonance modes feature observed in Fig. 3 (a) to (e)
confirmed the strong coupling regime between both resonators.
It is clear that the effective coupling,
geff
2pi
, is greater than
losses of both resonators. It should be noted that the response
of the YIG resonator does not reflect the intrinsic magnetic
loss but includes the inhomogeneous broadening due to the
excitation of several modes. Even so, the average linewidth for
the magnetic resonator is smaller than
geff
2pi
. Similar behaviour
has been observed with the YIG/Cavity 02.
A fine magnetic field step was used to demonstrate a clear
signature of the strong coupling regime. Figure 3 (f), which
represents the experimental frequency dependence of |S21|
with respect to the applied magnetic field measured at room
temperature, demonstrates the strong coupling regime via the
anti-crossing fingerprint. The parameter k corresponds to the
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Fig. 3. (a)-(e) Measurement of the frequency dependence of the |S21| of the
assembled YIG-Cavity 01 resonator system for different values of the static
magnetic field applied along the posts, above and below the resonant magnetic
field, Hres. (f) Experimental observation of the anti-crossing region at room
temperature: Measurement of the transmission amplitude |S21| (defined by
the colour bar) of the resonator system as function of the frequency and the
applied static magnetic field. (g) Dash-dot line corresponds to the frequency
dependence of the coupling strength, k, based on Eq.1. Blue and red stars
are associated to the experimental determination of k of Cavity 01 and 02,
respectively.
coupling strength which is linked to the experimental data
geff
2pi
by the following equation [17]: Fgap = F2−F1 = k2F0.
A good agreement of F1,2 (solid white lines) with experi-
mental data is obtained with k=0.125 (cavity 01) and 0.156
(cavity 02), the saturation magnetization 4piMs=1775 G, and
the gyromagnetic ratio γ=1.8 107 rad Oe−1s−1. The color
plot is associated with |S21| (linear) for which the red area
corresponds to a transmission amplitude of 12%. Features
of YIG/cavity systems are summarized in Table II and also
includes cavities losses β.
The purpose of this work is not to follow the different
excited spin waves mode (and to extract in the meantime
the associated wave vectors) but to compare the experimental
determination of the coupling strength, k, as function of the
resonant frequency to the following equation [1], [3]:
geff
2pi
=
η
4pi
γ
√
h¯ω0µ0
Vc
√
2Ns, (1)
where µ0 is the permeability of the vacuum, Vc corresponds
to the volume of the cavity, N is the total number of spins
(linked to the excited YIG volume), and s=(5/2) is the spin
number of the ground state Fe3+ ion in YIG. The coefficient
η ≤ 1 describes the spatial overlap and polarization matching
conditions between the microwave field and the magnon
mode. In a previous work, we demonstrated an exceptional
point in a notch filter coupled to a YIG/Platinum system by
thermally control the magnetic damping (magnetic losses by
analogy with β) with a current-induced heating method [18].
The effective strength found in this latter work were higher
compared to the present work. It is due to the microwave
configuration of the planar resonator for which an effective
small volume can be estimated for a dimensional transmission-
line cavity [19] with Vc = pir2λ/2. Equation 1 shows that it
is possible to adjust the effective coupling with the number
of spin (volume of YIG) [5], [20], the volume of cavity [19],
or the resonant frequency. Figure 3 (g) represents the experi-
mental frequency dependence of k based of both YIG/cavities
systems which present a similar Vc and the same number of
spins. It shows that k decrease with the enhancement of the
frequency. This latter dependence can be understood by using
Eq.1 which is represented in the figure with the dash-dot line.
The next generation of 3D printed re-entrant cavity based on
our processing protocol will include adjustable post height
elements to monitor the frequency dependence of k over a
wide range with more accuracy (single cavity).
V. CONCLUSION
We reported mode hybridization between magnons and
photons generated by a full metallized 3D printed re-entrant
cavities, elaborated with a commercial stereolithography 3D
printer. A frequency dependence of the coupling strength
was observed with the two YIG/Cavity systems which differ
only with the inner post height (similar volume). 3D additive
manufacturing opens an innovative path for the development of
a new class of 3D tunable filters by combining the advantages
of re-entrant cavities. Such elaboration procedure will also
improve the integration of YIG/Pt system without drastically
increasing the intrinsic loss rate of the cavity.
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